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ABSTRACT 



A remarkable structure is observed in the innermost regions of the barred galaxy 
NGC 1415 : a small stellar bar, bright circumnuclear ionized gas seen in Ha, 
two bright ionized gas sources, seen in Ha, just beyond the ends of the small 
bar and a boxy distribution of optical continuum. We have developed a mass 
distribution model consisting in a disk, a bulge, and a bar to approximate the 
observed central morphology and its surface brightness. In order to reproduce 
the observed optical brightness distribution a two-component bar was used, 
with one component to model the elongated isophotes of the bar and the second 
component to model the boxy-shaped isophotes. We interpret the circumnuclear 
ionized gas as forming a circumnuclear ring and the two bright sources as a 
nuclear and/or circumnuclear outflow slightly out of the plane of the disk. 

Subject headings: galaxies: masses — galaxies: individual: NGC 1415 
— galaxies: interstellar matter — galaxies: spiral 
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1. Introduction 

Numerical N-body simulations of disk galaxies have shown that they may develop a 
high eccentricity bar with an elliptical shape (Martin 1995; Martin & Friedli 1997). Sparke 
& Sellwood (1987), Combes et al. (1990) and Athanassoula et al. (1990) have shown, 
however, that bars are more rectangular than elliptical. In our survey of Ha emission from 
barred galaxies we included the galaxy NGC 1415 where its / emission shows elongated and 
boxy-shaped isophotes in the central regions (Garcia-Barreto et al. 1996). 

NGC 1415 is classified as an SBa in the Revised Shapley Aames catalog (Sandage 
& Tammann 1987). Long exposure photographs of this galaxy, like those in the Hubble 
Atlas (Sandage 1962), indicate a long bar at a P. A. ~130° with two spiral arms originating 
from a central structure. The heliocentric velocity is : V/f/^lSSS km s^^ (Huchtmcicr 
1982), ^optical = 1566 km s^^ (Strauss et al 1992). Here we adopt a distance of D= 17.7 

Mpc (Ho = 75 Kms^^Mpc^^; TuUy 1988) and therefore the linear scale is 1"~86 pc. The 
inclination of the galaxy is about 65°. More information about this galaxy can be found in 
Garcia-Barreto et al. (1996). 

In this paper, we present a mass distribution model to reproduce the observed optical 
brightness distribution in the central region of the galaxy in the broad band filter /, with 
the goal of reproducing the observed boxy-shape isophotes. The models include analytic 
density functions for a disk, a two component bar and a small bulge. In § 2 we describe the 
spatial structure observed in the / band and H« images. The / image reveals the existence 
of a small bar with boxy isophotes in the central region while the Ha images reveal the 
existence of circumnuclear ionized gas plus two bright Ha sources straddling the nucleus 
at a slightly different position angle than the bar. Some characteristics of a SBa galaxy 
are reproduced in § 3. Our model for the mass distribution is presented in § 4. In § 5 we 
describe the input parameters and the results of the fits, and in § 6 we briefly discuss how 
well the model approximates the continuum observations and digress on the origin of the 
Ha circumnuclear structure. Finally in § 7 we summarize the conclusions. 



2. Spatial Distribution of the Optical Continuum and Ha emissions in the 

central Region 

Optical images with both a broadband and a narrowband filters were re-analyzed. 
Both images are taken from the survey work of barred spiral galaxies by Garcia-Barreto et 
al. (1996) where details about the observations and the data reduction can be found. The 

continuum image was obtained with a broadband filter, /, with Ac — 8040 A, AA ~ 1660 

A. The Ha-|-N[II] continuum-free image was obtained with a set of two narrowband filters 

with A~ 6459 A with AA~ 101 A and A~ 6607 A with AA~ 89 A. No image has been flux 
calibrated. Figures la and lb show different continuum emission contours from the / filter. 
Fig. 2 shows the continuum-free Ha image and Fig. 3 shows the the Ha emission (grey 
scale) superposed to the continuum, /, emission (contours). 

Figures la and lb show images of the innermost ~125" region of the barred galaxy 
NGC 1415 in the / filter. Four basic structures are identified, namely, (1) the compact 
nucleus, (2) an elongated stellar bar with a PA ~150° and of ~18" in diameter, (3) the boxy 
contours outside the elongated bar, and (4) the starting points of the spiral arms. Figure 2 
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shows the image of the spatial distribution of ionized gas (Ha emission) . There are three 
characteristics worth emphasizing : (1) there is no Ha emission from the compact nucleus, 
(2) there is an indication of a circumnuclear ring, and (3) there are two bright regions 
straddling the nuclear ring in the northwest and southeast with weak emission connecting 
to the latter. The position angle of a line joining the two bright spots is ~166°. Figure 3 
shows a superposition of the continuum and the continuum-free Ha images. 

The Ha emission originates from the inner regions of the boxy distribution of the 
continuum emission, that is, within the inner 20". The P. A. of the two bright Ha regions is 
off by ~15° from the P.A. of the elongated isophotes of the stellar bar. This suggests that 
each Ha bright region is trailing the ends of the inner stellar bar, assuming the inner bar is 
rotating clockwise as suggested by the starting points of the exterior spiral arms. 



2.1. Position of the Compact Nucleus of NGC 1415 

Table 1 lists the position associated with NGC 1415 reported by several authors, using 
different techniques and different wavelengths. Gallouet, Heidmann & Dampierre (1975) 
determined the optical position by fits of the optical emission from a Palomar Sky Survey 
film using a Zeiss micrometer machine. Fits of the optical emission from ESO plates were 
done by Loveday (1996). Despite the high angular resolution used by Saikia et al. (1994) in 
their radio continuum measurements, these authors did not propose an improved position 
for the nucleus. Condon et al. (1990) find that the position of the peak of the radio 
emission is displaced from the mean position of the far infrared emission. Although there 
is a consensus about the brightness centroid position of the galaxy, there is a clear need to 
determine accurately the position of the dynamical center, namely, of the compact nucleus. 



2.2. The Inner Stellar Bar 

Figure lb and Fig. 3 show the contour levels of the continuum emission from the 
central region of the galaxy. The stellar bar is prominent and it has an elliptical shape. Its 
semi-major axis dimension is ~12.5" at a PA ~150° on the plane of the sky as measured 
from pixel positions on the screen. Its semi- minor axis dimension is ~7.5" at 10% of the 
relative intensity of the peak of the compact nucleus. This gives an axes ratio b/a~0.6. 
This stellar bar is small in length. Out of 137 galaxies (mostly from NGC catalog) where 
bar lengths were measured by Martin (1995), 101 have larger bar lengths than the one 
in NGC 1415; 76 out of 81 galaxies fisted by Kormendy (1979) have larger bar diameters 
and all of the NGC galaxies measured by Chapelon, Contini & Davoust (1999) have larger 
bar diameters than in NGC 1415. From 97 Markarian barred galaxies only 28 have larger 
angular dimensions of their bars than the one in NGC 1415, but their linear dimensions are 
probably larger since Markarian galaxies are far more distant than NGC galaxies (Chapelon, 
Contini & Davoust 1999). The stellar bar, in NGC 1415, does not show any sign of a dust 
lane. 
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2.3. The Boxy Isodensity Contours 

Boxy-shaped isophotcs arc observed in the continuum image of NGC 1415, Figure 
la. They start at a radius larger than the end of the elongated isophotes and maintain 
their shape until the start of the outer spiral arms, that is, up to a radius of ~24". The 
outer spiral arms start from the boxy-shaped isodensity contours in the northwest and in 
the southeast directions suggesting that the galaxy is rotating clockwise. These arms exist 
within a weaker continuum emission whose shape is elliptical on the plane of the sky, with 
length ~104" at a PA~130°. 

The overall optical appearance of NGC 1415 indicates a "normal" barred spiral galaxy, 
but the central region displays symmetrical gas structures with vigorous star forming 
activity. In § 4 different mass distribution models are discussed in order to approximate the 
surface brightness distribution of the central region and the boxy spatial structure. There 
is some evidence of weaker emission at larger radii from images of NGC 1415 in the POSS 
plate. Its interpretation lies beyond the scope of this paper. 



3. Chciracteristics of an SBa galetxy 

In order to understand the morphology of NGC 1415, we include in this section a brief 
recollection of the characteristics of galaxies classified as SBa from Sandage (1962) and 
Kormendy (1979, 1981). A summary of the characteristics are : 1) SBa galaxies are the 
earliest of the true barred spiral forms, 2) the arms of an early SBa are poorly defined, 
smooth in texture, broad and fuzzy, 3) the arms in a late SBa are relatively narrow and 
well developed and some show signs of being resolved, are tightly wound and form nearly 
circular arcs that appear in projection as elliptical loops, 4) The spiral pattern can originate 
in two ways, either by emerging tangent to a complete internal ring at the edge of the 
lens, or by springing from the ends of the bar, 5) the bars are devoid of dust, are smooth 
in texture and have no trace of resolution into knots or stars, 6) lenses are found in 54% 
of SBa galaxies but in none of late type (SBc), 7) lenses tend to be triaxial, flattened 
ellipsoids, with a prefered equatorial axes ratio of ~ 0.9, 8) half of SBa galaxies have bars 
and lenses of the same size, 9) bulges are generally triaxial elongated perpendicular to 
the bar and in some cases elongated into a secondary nuclear bar, 10) bulges rotate very 
rapidly, 11) there is probably an ILR in the outer part of the bulge (Kormendy 1981). 

Observations of NGC 1415 clearly indicate smooth spiral arms starting from a boxy 
structure. The elongated bar shows a smooth texture and no signs of a dust lane or any 
individual knots. There is no clear evidence of a lens in NGC 1415. These characteristics 
fully guaranty the classification as an SBa galaxy, except that, as will be seen in § 5.2, 
in order to reproduce the brightness distribution in the innermost regions and the boxy 
ishophotes our model only requires a small size spherically symmetric bulge rather than a 
large one. 



4. Mass Distribution Model 

In order to reproduce the morphology of barred galaxies, numerical simulations of 
Sparke & Seelwood (1987), Combes et al. (1990) and Athanassoula et al. (1990), employ a 
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two-component initial distribution of particles, namely, a Toomre's disk with a given surface 
density and a spherically symmetric Plummer bulge-like component with its corresponding 
volume density. 

In this section we describe our approach. We model a barred spiral galaxy using 
analytic functions consiting of three components, namely, a disk-like component, a spherical 
bulge, and a bar. 



4.1. Components 

To model the observed surface brightness in NGC 1415, three components are 
considered for its mass distribution: disk, bulge, and bar. The disk is represented with a 
classic oblate spheroid with similar strata (i.e. the isodensity surfaces arc aligned, concentric 
spheroids, all with the same axial ratio as that of the boundary surface). Its density is given 
by the classic form (Schmidt 1956): 

PD(a) = — +pDa , a<aD (1) 
a 

where g/j, are constants, a is the major semi-axis of a similar spheroidal surface within 
the oblate spheroid, and a^? is the equatorial radius of this spheroid. At the boundary 
a — qd the density of the disk is zero, so that qo — 

The bulge is considered spherically symmetric with a density function of the form 
given by Eq. (1). Instead of a, however, the distance variable is now r, the distance to the 
galactic center. The constants are Qb, Pb, and the radius of the bulge r^, at which point its 
density goes to zero. 

We found that a satisfactory fit to the observed optical brightness distribution in NGC 

1415 requires a two-component bar. The bar in this case has a triaxial mass distribution, 
and its two components are: 1) an ellipsoidal mass distribution with similar strata, with 
density of the form given by Eq. (1) where the variable a is the major semi-axis of an 
internal similar ellipsoid; the associated constants are ^brI) Pbrij o-bri (the density of this 
first component drops to zero at the boundary a — Cbri), and 2) a triaxial mass distribution 
whose isodensity surfaces arc of the form 




with constant ratios b/a, c/a (i.e. similar surfaces) and where x, y, and z are cartesian 
coordinates. Eq. (2) is a special case of a generalized "ellipsoidal" shape for a mass 
distribution. Athanassoula et al. (1990) have considered the generalized "ellipse" to fit 
boxy isophotes in galaxies. The axes of the surfaces given by Eq. (2) are aligned with 
those of the first ellipsoidal component, the major axes pointing along the x direction on 
the equatorial plane of the disk. The major semi-axis of this second component is obrii- 
The reason to introduce this second component is the need to model the boxy isophotes 
observed in Fig. 1: by itself the projection on the plane of the sky of isodensity surfaces 
given by Eq. (2) produces isophotes of this type. 
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A decreasing density function in the second component of the bar can take one of the 
three following forms (a < obrii): 



(3) 



The first form is the same as in the ellipsoidal component. Note that ^brii and Peru 
are different for the three forms, while PBRii(aBRii) = in all cases. 



PBRii(aj = hpBRIlO 

a 

PBRii(a.) = Q'brii + Pbrii^ 

PBRIi(o) = (7BRII + PbriiO^ 



4.2. Surface Brightness 

Each component of the mass distribution (disk, bulge and bar) is considered to have 
its own position-independent mass-to-light ratio 7. Both components of the bar have the 
same 7br (the mass-to-light ratio of the bar) to keep the number of free parameters to a 
minimum. In Fig. 4 we show the three components of the system, and the line of sight with 
angular coordinates {4>,0). The Cartesian axes x', y', z' are oriented as follows: the x' axis 
is perpendicular to the azimuthal plane defined by the while x', y' axes define 

the plane of the sky. The centers of coordinates of both Cartesian systems {x, y, z) and 
(x', y', z') coincide, being located at the galactic center. The inset only shows the center of 
the {x' , y', z') system displaced for the sake of clarity. 

The surface brightness of an ellipsoidal mass distribution with similar strata can be 
derived from the equations given by Stark (1977) and Binney (1985). In this case, the 
surface brightness of the disk (oblate spheroid), the bulge, and the first component of the 
bar, can be readily found. The main equations can be summarized as follows: 

We call = {c/o)d = cd/(Id, with co < an, the semi- axes ratio of the spheroid 
representing the disk. Similarly we define Cbri = (V^)brI) ^bri = (c/a)BRi, a > b > c, 
representing the first component of the bar. For a given line of sight with coordinates (0, 6) 
(see Fig. 4), the projection of the disk's boundary on the plane of the sky (x', y'), delimit a 
region specified by 

aminD(a:^', y') = [x'^ + -rT2 - ^d, (4) 
\ Jdc,dJ 

with fo^D — sin^ 9 + cos^ 9. Similarly, for the bulge this region is 

aminB{x',y')^{x" + yy/'<rB, (5) 
and for the first component of the bar: 

a^ninBRiix', y') = (Qix'" + ^2?/" + ^zx'y'f" < obri, (6) 
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with 



^BRi sin^ 6 + {Cbri sin^ + cos^(p) cos^ 6 

/briCbriCbri 
CgRiCQg V + sin^ (f) 

/briCbriCbri 



_ (l-CiRi)cosgsm(20) 

/BRI<,BRI'SBRI 

/briCIriCIri = CiRiCos2^ + eiRi(CBRiCos2</' + sin'0)sin2e. 



The surface brightness of each component at a point {x',y') within the corresponding 
region is 



Boix'^y') = ^^^^J {^D{x',y')) , (7) 
BB{x\y') = ^F{^^B{x\y')) , (8) 
BBKi{x',y') = -^^^F(/.BRi(x',yO) , (9) 

^7rV/BRl7BR 

with iiD{x',y') = a^i^Yi{x',y')/aD, HB{x',y') = a^ir,B{x',y')/rB, iJ^BRiix' , y') = 
ammBRi(a;',2/')/aBRi, and = (l - i/x^) In ^+V'^~^ _ 1^1 - n'^. The coefficients 



2^^ J 2 

?D, and gBRi can be expressed in terms of the total mass of the corresponding 

component: qo = MD/in^Dal,), Qb = Mb/tivI, qbri = MBRi/(7rCBRi^BRia|Ri). The 
total masses of the disk, bulge, and first component of the bar are Md, Mb, and Mbri 
respectively. 

In terms of the surface brightness of the disk at hd — 1/2: BoifJ'D = 1/2) = 
MoA;o/27r^-\/7D7-D'C-D'^z)5 ^o= F(l/2), i.e. on the disk's isophote at the middle of the elliptic 
region given by Eq. (4), the surface brightnesses in Eqs. (7), (8), and (9) can be written as: 



BD{x',y') F{iin{x',y')) 



(10) 



Bd {f^D = 1) ^0 

BB{x',y') iWT^(MB\ (aoV Id 

Bd[Hd^I) ^0 \MdJ Ktb/ -fB 

\ 1/2 

BTim{x',y') in I fD \ fMBRi\ ( (^d \^ Id -r. ( r i >\\ /1o^ 

' ' ' w 1 -F{iiBRi{x ,y)) (12) 



Bd{jid = /j^oCbriCbri V/bri/ ^ J VaBRi/ 7br 
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The expression for the surface brightness of the second component of the bar is a httle 
more comphcated. This brightness at a point {x', y') inside its projected region is 



where z'^ {z[ < z'2) are the values of z' (see Fig. 4) at the two intersection points of the 
hne of sight through the point (a;', 7/'), with the boundary surface of this second component. 
The density pBRii(a) is one of the three forms given in Eq. (3). The semi-axes ratios in the 
second component are Cbrii = {h/ 0)^^11, Cbrii = {c/a)mai- 

The function a{z') in Eq. (13) is given by 




(13) 



a\z') = A^z'^ + A^z'^ + A^z'^ + A^z' + A^ 



(14) 



where A 



. . . , A5 are the following functions: 




A3 = 



+ , 7I + 27173 



a4 ^ t4 

SBRII SBRII 




and 



As = 



73 = 



71 
72 



sin^ ^ cos^ 

—x' sin ^ sin(2(/)) + y' cos^ sin(2^) 

x'^ sin^ (j) + 1/'^ cos^ 9 cos^ - x'y' cos 6 sin(20) 

sin^ 9 sin^ 6 

x' sin sin(20) + y' sin^ sin(2^^) 

x'^ cos^ + y'^ cos^ 6* sin^ + x'y' cos 6* sin(20) 

cos^^ 

-y' sin(2^) 

y'^sin^^ 
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The limits z'^^ z'^ {z[ < z'^ in Eq. (13) are the two real roots of 
'^BRii = Aiz'^ + A2z'^ + A^z'"^ + Ais^z' + A^. Given a point {x',y') on the plane of 
the sky, this point will be outside the region defined by the projection of the second 
component of the bar if the four roots of this equation are complex. The integration of Eq. 
(13) is straight forward in the case where the density pBRii(a) is expressed as the third form 
in Eq. (3). This was the main reason for considering this form. Numerical integration was 
used for the other two density forms. 

The expressions for the surface brightness of the second component of the bar are the 
following: 



when considering a density function pBRii(fl) = +PBRiia: 

BBmi{x',y') tt^dVIE /Mr— ^ / x2 



koh \ Md ) VaBRii/ 7br ^' 



Bd (a*£> = i) 12CbriiCbrii^o 
when considering a density function pBRii(fl) = ?brii + PBRiifl: 
Bbkii{x', y') t^^dVJd 



(15) 



/Mbrii^ 




f an \ 


V Md J 


Orrii 


\ Orrii / 



Bd {i^d — I) 4CbriiCbrii^o 

• when considering a density function pBRii(fl) = ?brii +Pbriio'*: 

Bbki\{x', y') ^ 77r^ijv7D 
Bd (a^d = I) 64CbriiCbriiA;o 

ki ~ 0.81025 is a constant, and Si, S2, Ss are the following integrals 



(16) 



/Mbrii^ 




f an \ 


V Md J 


orrii 


\ obrii / 



7br 



(17) 



z[ a{z') 



1 - 



S2 = 

^3 = 



a{z') 
obrii 



obrii 



dz' 



dz' 







'a{z')' 




obrii 





dz' 



By summing Eqs. (10), (11), (12), with either of Eqs. (15), (16), (17), we derive the 
total surface brightness B^o^{x' ,y') / Bd{^d = 1/2) at any point {x'.y') on the plane of the 
sky. Of course, we must always check if this point lies inside a projected region, in order to 
ensure that the contribution to the total brightness belong to the appropiate component of 
the mass distribution. The isophotes corresponding to Bj'otIx' ,y') = constant are found 
numerically, once all pertinent data is introduced in the equations. In the following section, 
we describe such a procedure for finding the best fit which approximates the optical surface 
brightness distribution of the central region of NGC 1415. 
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5. Model Results 
5.1. Input Data 

The following quantities are considered as input data to our model : a visual inspection 
of the / band image of NGC 1415 suggests a value of = 9 kpc as a representative radius 
of the disk, assuming a ratio of minor to major axes of = 0.1. Isophotes along the major 
and minor axis of the bar suggest an axial ratio ~ 0.6, therefore in a first try we take 
Cbri = Cbri = Cbrii = 'Cbrii = 0.6. The outermost boxy contour in Fig. 1 gives an estimate 
for the major semi-axis of the bar of between 1.3 and 1.5 kpc; therefore we first assume 
orri = Qbrii = 1.5 kpc, but as we point below, the equality between qbri and obrii must 
be dropped in order to improve the fit. We obtain that obri is slightly less than aBRii. The 
radius of the bulge is unknown at the start, and can be treated as a variable parameter for 
improving the fit. Other variables are the mass-to-light ratios and the ratios of masses of 
the mass distribution components appearing in Eqs. (11), (12), (15), (16), and (17). 

The inclination of the galaxy with respect to the hne of sight is reported to be ^ = 65°. 

An inspection of Fig. 1 suggests that is close to 90°. In the fit, we adopt = 70°. As 
input data for surface brightness to our model, we have taken some representative lines 
across the observed / image. These are the following: x' = 0.0, ±0.2, ±0.4, ±0.8, ±1.2, 
±1.4 kpc; y' = 0.0, ±0.2, ±0.4, ±0.6, ±0.8 kpc. The line y' = is the major axis of the 
elliptic projected region of the disk while a;' = is the corresponding line of the minor axis. 
In the left panels of Figs. 5 and 6, we show the observed surface brightness along some x' 
and y' lines. 

The surface brightness given by our model has a logaritmic singularity at (x', y') = (0, 0). 
In order to maintain a finite brightness at the center, we have considered that the density 
given by Eq. (1), which is used in three components (disk, bulge and bar) of the model, 
should only apply beyond a > cl, where ol is a fixed distance. We have therefore adopted 
a constant density, p(ai,), for a < ol. A value ~ 40 pc has been found to be convenient 
to the fitting procedure. 



5.2. Model vs. Observation 

Some preliminary fits with obri = ^brii reproduced acceptably the form of the 
iso-contours shown in Fig. 1, but failed to give a good match to the observed surface 
brightness. Thus it was necessary to take different dimensions of the two components of 
the bar. The right panels of Figs. 5 and 6 show the brightness of our best fit along the x' 
or y' line whose corresponding observed brightness is given at the left panel. Two curves 
are given in these right panels: a fit with obri = 1 kpc, obrii = 1.3 kpc shown with the 
continuous line, and a second fit with obri = 1 kpc, obrii = 1.5 kpc shown with the dotted 
line. In both fits we considered the three forms given by Eq. (3) for the density of the 
second component of the bar, obtaining almost the same result. In Figs. 5 and 6 the curves 
of the model correspond to the fit when using the third form for the density in Eq. (3). 

The upper panels in Fig. 7 show the isophotes in both fits. Compare these fits with 
Fig. 1. The first panel shows the isophotes obtained in the first fit, with each form for 
the density in the second component of the bar. The third form in Eq. (3) gives the 
external curve in a given isophote; the first form gives the corresponding inner curve. The 
lower panels in Fig. 7 show the isophotes in the second fit with a line-of-sight coordinates 
(0, 9) — (90°, 90°), but with = 0.05 to see more clearly the boxy structure. 
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The following quantities are obtained with the fits, using the third form of the density 
for the second component of the bar: 

• bulge radius tb — 0.3 kpc, 

• {Mb/Md){id/ib) = 0.00904, 

• (Mbri/M^)(7i3/7br) = 0.152, 

• (-^brii/-^d)(7£i/7br) = 0.04, 0.064 in the first and second fit, respectively. 

The ratio of the luminosity of the bulge to that of the disk is Lb/ Ld ~ 0.01. The 
mass ratio Mbri/Mbrh = 3.8, while the luminosity ratio Lbr/I/d = 0.192 for the first fit 
and Mbri/Mbrii = 2.37, L^r/Ld = 0.216 for the second fit. If 7br ~ 7b, this would 
imply Mb/Md ~ 0.01 and Mbr/Md ~ 0.2. Further kinematic data in NGC 1415 is needed 
to clarify this last issue (ie. rotation curve). 



6. Discussion 

6.1. Our Mass Distribution Model 

Our model using analytic functions for the disk, bulge and bar reproduces well the 
observed surface brightness distribution in NGC 1415, as can be judged in Figs. 5 and 
6. Our two fits differ only in the major axis dimension of the two components of the 
bar. The first fit has obrii = 1.3 kpc while the second fit has obrii = 1.5 kpc. In both 
fits obri = 1 kpc. Figures 5 and 6 show that both fits are comparable. Considering the 
observed dimensions of the bar in NGC 1415 as seen in Fig. 1 we favor the second fit to be 
the best model (see Fig. 7b). 

It is to be noticed that both fits of our model reproduce well the smooth observed 
transition of the isophotes of the bar: from the boxy-shape at large radii to elliptical 
isophotes at smaller radii to nearly circular isophotes at the very center of the galaxy. 

From our model we deduce that the relative difference of position angles of the major 
axes of disk and bar is purely geometric and it is not necessarily due to a triaxiality of the 
bar with a variable axes ratio. 

Based on our results we suggest that a mass distribution with iso-density surfaces 
expressed as in Eq. 2 may be important to represent the central mass distribution in some 
barred galaxies. As a comparison Athanassoula et al. (1990) only use a generalized ellipse 
equation to fit bar isophotes of observed galaxies, and they do not analyze the required 
iso-density surfaces to obtain boxy-shaped isophotes. 



6.2. Is the Bar driving the Spiral Arms? 

Figures la and lb show the spiral arms starting from NW and SE of the exterior boxy 
iso-density contours of the bar. Figure 6 of Sparke & Sellwood (1987) shows a similar 
image from their N-body simulation, that is, the spiral arms not starting exactly from the 
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ends of the bar but at a different PA. In tlie case of NGC 1415, Figs, la and lb suggest 
tliat if tlie bar is driving tlie spiral arms, tfie bar must be rotating clockwise such that the 
bar trails the start points of the spiral arms. Figure 3 shows, however, the two bright Ha 
regions just trailing the tips of the bar. Could it be that the inner stellar bar is rotating 
counter-clockwise? Without kinematical information our discussion is only speculative. 
There is a need to determine the velocity of the ionized gas in the central structure in order 
to make quantitative statements. 



6.3. The Circumnuclear ring and the two Bright Ha regions 

It is well accepted by now that gas in a non-axisymmetric bar potential loses angular 
momentum and gas inside the co-rotation radius is transfered inwards while gas outside 
co-rotation is transfered outwards (Lynden-Bell & Kalnajs 1972; Lynden-Bell & Pringle 
1974; Schwarz 1984; Combes & Gerin 1985; Binney & Tremaine 1987). The weak ionized 
gas emission just outside of the nucleus may be interpreted as a cirumnuclear ring forming 
near an inner Lindblad Resonance (Schwarz 1984). The western circumnuclear structure 
lies at a radius of 4" which corresponds to a distance of about 345 pc. Figure 3 shows the 
Ha emission from the central regions of NGC 1415. Notice that there is no Ha emission 
from the compact nucleus. There is, however, weak emission connecting the circumnuclear 
ring with each bright spots further out. The SE Ha region is stronger than the NW region. 

A very simple comparison of the stellar (optical continuum) and the warm ionized gas 
distributions (Ha) can be made in order to interpret the observations. It is to be noted 
the curved continuum contours to the SSE and SSW and SW of the compact nucleus as 
if indicating lack of stars in those locations. Ha distribution indicates the presence of the 
bright SE spot and the SW circumnuclear arc. One interpretation is that the warm ionized 
gas is in front of the radiation from the stars, that is, it is slightly above the plane of the 
disk absorbing the stellar radiation. The ionized gas, then, would be in an inclined disk 
different from the inclination of the larger disk of stars. Another interpretation (less likely) 
is that both the stars and ionized gas are on the same plane and the curved contours of 
continuum radiation would indicate different orbits caused somehow by the gravitational 
potential. 

Each bright Ha spot lies at slighty different distance from the compact nucleus. The 
NW bright region lies at a distance of ~10.5" corresponding to a linear distance from the 
nucleus of ~900 pc. The SE bright region lies at a distance of ~8.5" corresponding to a 
linear distance from the nucleus of ~730 pc. The two bright spots could themselves be in 
different planes from the circumnuclear ring. 

In one interpretation the bright regions represent regions of density enhancement with 
a by-product of a burst of star formation where gas on disk orbits loses angular momentum 
and meets orbits trapped in the bar. Gas continues losing angular momentum and is seen 
along the bar until it reaches X2 orbits and forms a circumnuclear structure seen more easily 
on the western side of the nucleus than on the eastern side. Radio continuum emission 
has been detected from the central region of NGC 1415 by Condon et al. (1990). Their 
map shows a bright central emission with extensions in the northwest - southeast direction 
covering approximately the same area as our Ha image. However their angular resolution 
was not enough to resolve the emission from the compact nucleus and neither from any 
circumnuclear structure nor from the two bright Ha regions. 

Another interpretation of the two bright Ha regions is that they represent a kind of 
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bipolar emission from the nucleus and or circumnuclear ring. The two Ha bright sources 
would be slightly inclined with respect to the plane of the stellar disk. Similar morphology 
has been observed in other galaxies as NGC 1068 (Bland-Hawthorn et al. 1997) and 
NGC 3367 (Graci'a-Barreto et al. 1998). The radio continuum radiation should be found 
polarized only in the SE region since the emission from the NW would be depolarized as it 
passes through the warm interstellar matter in the disk. Observationally there is no Ha 
emission from the compact nucleus (see Fig. 3) and it is difficult to say if there is any radio 
continuum emission, due to poor angular resolution in the maps of Condon et al. (1990). 

Further observations are needed to find out where the bright Ha sources lie: cither 
on the plane of the sky or slightly inclined. A radio continuum map with higher angular 
resolution and polarization analysis would be necessary in order to study this. Similarly, HI 
and CO interferometric observations would be extremely useful in order to determine the 
atomic and molecular gas distributions. Additionaly an optical rotation curve with Fabry 
Perot techniques would be extremely useful in order to determine the dynamical center of 
this galaxy. 



7. Conclusions 

We have re-analyzed broadband and narrow band imaging observations of the central 
region of the barred spiral galaxy NGC 1415 from Garcia-Barreto et al. (1996). Wc have 
constructed a model for the mass distribution in the central region of NGC 1415 in order to 
approximate the observed optical surface brightness distribution. Our model includes a disk, 
a spherically symmetric bulge (r^ = 300 pc) and a two-component bar: one component to 
reproduce the elongated isophotes and a second component to reproduce the boxy-shaped 
isophotes. The ratio of the masses of the first component to the second component is 2.37, 
a bar to disk luminosity ratio of 0.216, and a bulge to disk luminosity ratio of 0.01. If the 
mass to luminosity ratio is considered the same in the disk, bulge and bar, these results 
imply a ratio of masses of bulge to disk of 0.01 and bar to disk of 0.2. 

Our results suggest that a mass distribution with iso-density surfaces expressed as 
in Eq. (2) may be important to represent the central mass distribution in some barred 
galaxies. 

Finally, we interpret the Ha emission as originating from a bipolar nuclear outflow 
slightly inclined with respect to the plane of the disk, although new observations are needed 
to confirm it. 
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Table 1: Central Position of NGC 1415 

R. A. (1950.0) Decl.(1950.0) Mc'lhod Rc'fc'rcuice 

22° 43' 24.0" optical Saikia et al. 1994 

22° 43' 19.3" optical Loveday 1996 

22° 43' 25.0" optical Gallouet, Heidmann & Dampierre 1975 

22° 43' 30.0" IRAS Condon et al. 1990 



3'' 38™ 46.0^ - 
2h 3gm 457s _ 

38*" 45.6* - 
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Figure Captions 



FIGURE 1 a) Image in the broadband filter / {Xcentrai — 8040 A); North is up, East is left, 
taken from Garcia-Barreto et al. (1996). Contours are in arbitrary units proportional to the 
peak fiux. It was assumed that the optical position determined for the galaxy (ie. Gallouet, 
Heidmann & Dampierre 1975) corresponds to the position of the compact nucleus, b) / 
iso-contour emission from the inner regions of NGC 1415. Notice the inner, elongated 
isophotes of the stellar bar and the contours just outside the bar forming a boxy shape. The 
spiral arms start from the northwest and southeast. The outer major axis is at PA ~130°, 
while the inner at a PA ~150°. 

FIGURE 2 Image of NGC 1415 in the narrowband filter Ha + Nil after subtraction of the 
contimiTim, taken from Garcia-Barreto et al. (1996). The structures observed are: 1) two 
bright regions at northeast and southwest at a PA ~166°, a circumnuclear emission, weak 
emission joining the exterior Ha regions and the cirumnuclear emission. Notice the lack of 
Ha emission from the compact nucleus. Contours are in arbitrary units proportional to the 
peak. 

FIGURE 3 

Superposition of Ha, in grey scale, upon continuum emission, in contours. Notice that the SE 
bright source lies at the position where the optical continuum isophotes show a relative lack 
of emission compared to the surrounding regions (see also Figure lb). The position angle 
of the line joining the two Ha sources straddling the nucleus is P.A.~ 165° and differs by 
about ~ 15° from the P.A. of the elongated isophotes of the stellar bar. 

FIGURE 4 

Schematic diagram showing the components of the mass distribution. The x axis is along the 
major axis of the bar of the galaxy. The plane of the sky is represented by the plane formed 
by {x', y'). The x' axis is along the projected major axis of the disk of the galaxy. The line 
of sight from the observer to the galaxy is along +z'. 

FIGURE 5 

a) Optical red (i) continuum brightness distribution observed along the axis x' = 0. Scale 
units are arbitrary but are proportional to the true brightness by a constant factor, b) 
Brightness distribution obtained from our models along the axis x' = 0. The continuous 
line is the output from our model with major semi-axes obri = 1 kpc and aBRii = 1.3 kpc, 
while the dotted line is the output with obri = 1 kpc and obrii = 1.5 kpc. In both models 
the density of the second component of the bar is pBRii(fl) = Qbru +PBRiifl^- Similarly, 
(c)-(d), (e)-(f), (g)-(h), (i)-(j), and (k)-(l) are the observed and model brightnesses along 
x' = 0.2, 0.4, 0.6, 0.8, 1.2 and 1.4 kpc, respectively 

FIGURE 6 

Brightnesses as in Fig. 5 but now along the lines y' = 0, 0.2, 0.4, and 0.8 kpc. 
FIGURE 7 

a) Isophotes in the first fit (cbri = 1 kpc, obrii = 1.3 kpc) using the three forms of the mass 
density in the second component of the bar (boxy isophotes). The outer curve in a given 
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isophote is the output of the model using the third form of the density in Eq. (3); the 
corresponding inner curve is the output of the model using the first form of the density 
in Eq. (3). b) Isophotes in the second fit (aeRi = 1 kpc, aeRii = 1-5 kpc) using the third 
form of the mass density in the second component of the bar (boxy isophotes). c) Isophotes 
in the second fit with = 90° and 9 — 90°, as if the galaxy were viewed edge on. An 
axial ratio = 0.05 is considered in the disk to see more clearly the boxy structure, d) A 
close up of the central region in c). Notice that in all four figures the x' axis is along the 
projected major axis of the disk of the galaxy. 
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